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ABSTRACT 

Aims. With this study we aim at the spectroscopic verification of a photometrically selected sample of Low Surface Brightness (LSB) galaxy 
candidates in a field around the Hubble Deep Field-South (HDF-S). The sample helps to extend the parameter space for LSB galaxies to lower 
central surface brightnesses and to provide better estimates on the volume densities of these objects. 

Methods. To derive redshifts for the LSB candidates, long-slit spectra were obtained covering a spectral range from 3400 A to 7500 A. 
The observations have been obtained using the ESO 3.6 m telescope, equipped with the EFOSC2 spectrograph. From the measured radial 
velocities, distances could be estimated. With this distance information, it is possible to differentiate between true LSB galaxies and higher 
redshift High Surface Brightness (HSB) galaxies which may contaminate the sample. A correction for the surface brightnesses can then be 
applied, accounting for the cosmological dimming effect ("Tolman Dimming"). 

Results. We show that ~70% of the LSB candidates, selected based on their location in the color-color space, are real LSB galaxies. Their 
position in the color-color diagrams, therefore, indicate that the LSB galaxies have a different stellar population mix resulting from a different 
star formation history compared to HSBs. Our LSB galaxy sample consists only of large disk galaxies with scale-length between 2.5 kpc and 
7.3 kpc. We confirm the flat central surface brightness distribution of previous surveys and extend this distribution down to central surface 
brightnesses of 27 B mag arcsec~ 2 . 
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1. Introduction 

The known properties of LSB galaxies are still a challenge for 
existing theories of galaxy formation and evolution. Although 
they may not represent a significant amount of the lumi- 
nosity density in the universe, their number density is very 
high. Searches for LSB galaxies showed that they account for 
up to 60% of the loca l galaxy population dMcGaugh 1996; 
O'Neil & Bothunll2000h . iMinchin et ail ( 120041) showed in their 
study of the bivariate surface brightness distribution, that up to 
20 % of the dynamical mass is represented by the LSB galax- 
ies and that they account for up to 60 % of the number density 
in the Universe. Thus it seems, that LSB galaxies are a com- 
mon product of galaxy formation and evolutionary processes. 
Therefore, it is essential to understand their role in formation 
and evolution scenarios of galaxies in general. 

Studies of the properties of local LSB galaxy samples 
have shown that they populate nearly the whole parame- 
ter space derived also for HSB galaxies. The only differ- 
ence is their low central surface brightness which is below 



jUo = 22.5 mag arcsec~ 2 in the B-filter. Field LSB galaxies are 
generally gas rich, although the gas surface densities are very 
low, too. The typical gas surface densities for LSB galax- 
ies a re below the Kennicutt criterion for ongoing star forma 



tion (Kennicuttll989t van der Hulst et all 1993 : Pickering et al 
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1997b which results in a suppressed current star formation rate. 
The morphology of LSB galaxies does not show any significant 
differences to the morphology of HSB galaxies. The properties 
of LSBs are independent of the Hubbl e type, these galaxies ex - 
ist over the whole Hubble sequence dSchombert et al.l Il992l) . 
While the LSB galaxies could be found in all morphologi- 
cal types and results are comparable to results from survey s 
governed by HSB galaxies, e.g. UGC catalog dNilsonl[l973 ). 
the major part of the population consists of late-type galaxies. 
Elliptical LSB galaxies are rare in these surveys (~ 14%) and 
found mostly in cluster environment, which means they under- 
went a different star formation history than field LSB galaxies. 



The simplest evolutionary scenario suggests that LSB 
galaxies are faded remnants of HSB galaxies. For this scenario 
one would expect that LSB galaxies are found to have red col- 
ors. This scenario could be ruled out by the fact that LSB galax- 
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ies are found to cover the whole color space from very red to 
very blue. Most of the LSB galaxies have quite blue colors 
which could be explained only partly as the result of the rel- 
atively low metalicitie s (Z < 1/3 Z H ,e.g.lRoennback & Berg vall 
1995UMcGaugrJl993h . lDe Blok et alJdl995h showed that their 



sample of 20 LSB galaxies tend to have bluer colors compared 
to the mean values estimated for HSB galaxies of the corre- 
sponding Hubble type. This effect is mainly seen in the B - R 
color (HSB: B - R '~ 
V 



0.92, LSB: B - R =_ 
0.90, LSB: V 



078) and the 
0.76). 



/ color (HSB: V - I = 0.90, LSB: V - I 
These blue colors are a first hint for relatively young luminos- 
ity weighted average ages of the stellar populations in the LSB 
galaxies. However, until now we do have only little information 
about the evolutionary paths taken by the LSB galaxies, result- 



ing in such low surface brightnesses (e .g. Gerri tsen & de B lok 
1999tlBell etaifeoOOl: Ivan den Hoek et alj|2000t) . 



In this paper we present spectroscopic results for the 
LSB candidate sample derived in a field around the HDF-S 
dHaberzettl et alj|2007l) . We used spectroscopic measurements 
of redshifted emission lines to derive distances for these ob- 
jects. From the distances we calculate physical parameters of 
the derived galaxies and distinguish the real LSB galaxies from 
the higher redshifted background objects. We also discuss the 
behavior of the LSB galaxies in the color-color space. Finally 
we compare our findings to results of previous searches for 
LSB galaxies. 

2. Observation and data reduction 

2.1. Observations 

We performed spectroscopic observations of a sample of 9 LSB 
galaxy candidates during the nights of October 23rd-25th 2000 
at the ESO 3.6 m telescope on La Silla. The spectra were ob- 
tained using the ESO Faint Object Spectrograph 2 (EFOSC2) 
equipped with a Loral 2048 2 pixel 2 CCD and a pixel size of 
15 yum (0.157arcsec). We took long-slit spectra using a grism 
of 300 grmirT 1 (grism #11), resulting in a spectral sampling of 
2. 12 A pixel 1 . With this setup we were able to cover a spectral 
range from 3400 A to 7500 A. The CCD was binned by a factor 
of 2 in both directions. This setup resulted in a spectral reso- 
lution of ~4 A pixel -1 . The spectrograph was equipped with a 
long-slit of slightly less than 5 arcmin length in the spatial di- 
rection. For the observation we chose a slit width of 1.2 arcsec. 
This led to a FWHM for emission lines of ~ 15.6 A at 4000 A 
in the derived spectra. 

In order to mini mize flux losses due to atmospheric dif- 
ferential refraction (Filippenko 1982), the observations were 
carried out in an airmass range between 1.1 and 1.8. This re- 
sulted in a refraction below 1.8 arcsec at 3500 A and above 
-0.9 arcsec at 7500 A. Due to the sizes of the observed objects 
(~ 10 to ~ 30 arcsec) these are still acceptable values. During 
the nights of the 23rd and 24th, the observing conditions were 
not photometric with a mean seeing of ~ 2 arcsec. In the last 
night, the conditions were nearly photometric with a seeing be- 
low 1 arcsec. Bias frames, dome flats, twilight-sky flats, and 
He-Ne comparison lamp exposures were taken at the beginning 
and the end of each night. For flux calibration, spectroscopic 



standard stars dHamuy et all 19921) were observed several times 
during each night. For the observations of the standard stars, we 
used the maximum slit width of 5 arcsec in order to increase the 
signal to noise ratio of the spectra as much as possible. Each 
science exposure was obtained with an exposure time of about 
1800 s. In most cases, two exposures per object were observed 
(see TableHJ. 



NAME 


EXPOSURES TIME [s] 


EXPOSURES 


LSB J2231 1-60503 


1800 


2 


LSB J22324-60520 


1800 


2 


LSB J22325-60155 


1800 


2 


LSB J22330-60543 


1800 


2 


LSB J22343-60222 


1800 


2 


LSB J22352-60420 


1800 


2 


LSB J22353-60311 


1800 


1 


LSB J22353-60122 


1800 


2 


LSB J22355-60183 


1800 


2 



Table 1. Exposure times and number of exposures for the HDF- 
S LSB candidate sample observed with ESO 3.6 m telescope. 



2.2. Reduction and calibration 

The data reduction and calibration were carrie d out based on 
the standard reduct ion procedures within IRAF dMasseylll997 ; 
Massev et al.l ll992). The wavelength calibration resulted in a 
spectral sampling of 4.04 A per pixel with an rms for the wave- 
length fit between 0.3 A and 1.0 A per pixel. After the wave- 
length calibration, we combined the single science exposures of 
every object. This coaddition makes it also possible to remove 
cosmic rays from the science spectra. The cosmic ray clean- 
ing of LSB J22353-6031 1, for which we only observed one 
spectra, was done using the cosmic ray identification task LA. 
cosmic (Ivan Dokkum 2001). This cosmic ray cleaning is based 
on a Laplace filtering method. In a next step we flux calibrated 
the coadded and cosmic ray cleaned spectra using the observed 
standard star spectra. Finally, we applied an extinction correc- 
tion to the science spectra. We used only the foreground ex- 
tinction value of E(B — V) = 0.028 for this correction , which 
we adopted from the extinction maps of ISchlegel et al.l (119980 . 
Applying only foreground extinction from the galaxy gives rea- 
sonable results for the LSB galaxies, since internal extinction 
can be neglected for these galaxies due to the low dust content. 
There exists only a few week detections for LSB galaxies in 
the FIR a nd mm- wavelength r egion where dust radiates thermal 
emission ( Hoep pe et al ]ll994l) . The final result of the reduction 
and calibration processes are 2D- and ID-spectra which will be 
used in the following analysis. 



3. Results and Discussion 

3.1. Distances and Physical Parameters of the LSB 
Sample 

Most of the common internal parameters of the studied galax- 
ies e.g., sizes in physical units (radii, scale-length), luminosi- 
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Wavelength J.[A] W" ' " ■"' 1 : : ' • 

Fig. 1. In the following we show the ID spectra and images of the spectroscopically observed LSB galaxy candidates in the 
HDF-S (e.g. LSB J22325-60155). The orientation and location of the slit is stated by the black line in the 2' x 2' large images. 



NAME 


[On] 




[Om] 


[Om] 


Ha 


[Nil] 


[Sn] 


z 






,13727 


,14861 


,14959 


,15007 


,16563 


,16584 


,1,16717,6731 








[A] 


[A] 


[A] 


[A] 


[A] 


[A] 


[A] 






LSB J2231 1-60503 


4172 








7351 






0.1198 


0.0004 


LSB J22325-60155 


3924 


5118 


5219 


5270 


6907 




7077° 


0.0526 


0.0002 


LSB J22330-60543 


3936 


5133 


5236 


5287 


6929 




7096° 


0.0559 


0.0001 


LSB J22343-60222 


3903 


5089 


5190 


5242 


6866 


6888° 


7037° 


0.0467 


0.0005 


LSB J22352-60420 


4170 


5439 


5550° 


5603° 


7347 






0.1191 


0.0003 


LSB J22353-60311 


3946 


5146 


5250 


5297 


6943 


6968° 




0.0584 


0.0004 


LSB J22354-60122 


4329 


5647 


5758 


5816 








0.1615 


0.0002 


LSB J22355-60183 


4194 


5468 


5584" 


5632 


7381 






0.1249 


0.0003 



LSB J22324-60520 - - - - - - - 0.1723" 



Table 2. Measurements for the emission lines of the LSB candidate sample. All entries which are marked with " were not used 
for the estimation of the mean redshift < z > and therefore also not for the estimation of the standard deviation <x,. All lines 
which were either influenced by night sky emission lines or which had only upper limits were also not used for the determination 
of the mean redshift. It was not possible to resolve the two component of the [Sn] -doublet. Therefore [Sn] was not used in order 
to estimate redshifts. The redshift of LSB J22324-60520 (marked with b ) was estimated measuring the wavelength of the Can-K 
absorption line. 



ties, absolute magnitudes (see Table [3} are distance-dependent 
parameters. The radii are measured by eye, following the light 
distribution into the noise. This means that the radius is mea- 
sure d at the limiting surfac e brightness of ~ 29 mag arcsec~ 2 
(see Ha berzettl et alJ 120071) . We chose the radii at the lim- 
iting surface brightness, because the Holmberg radius at 
25 mag arcsec~ 2 would give no useful information about the 
sizes of LSB galaxies due to the low surface brightnesses in 
these galaxies. In order to derive the distances, we estimated 
the redshifts z for our sample galaxies as the mean of the red- 
shifts calculated for every well detected emission line in the 
single galaxy spectra. 

In order to maximize the signal-to-noise ratios we 
summed up all columns along the spatial axis which con- 
tributed a significant signal to the final science spectra. In these 
integrated ID spectra (see Fig. |T|i, it was now possible to de- 



tect the most important emission lines e.g., [On], H/J, [Oiii]- 
doublet, and Ha. In some cases, we also detected the [Sh]- 
doublet and derived useful upper limits for the [Nn]/16584 
emission line. 

For the determination of the mean redshift, we used only 
emission lines which were clearly detected and which were 
not influenced by night sky emission lines. The lines which 
are only measured as upper limits or which were influenced 
by night sky emission lines are marked with a in Table [2] 
Due to the low resolution, it was not possible to resolve the 
[Sn],L16717,6731-doublet. Therefore, we also did not use this 
doublet for the estimation of the mean redshift and marked 
them with a in Table [2] The errors of the mean redshifts were 
calculated using the standard deviation. 

Following the formalism in Eqn. [TTfTOl we calculated 
physical parameters (see TableO for the observed galaxy sam- 
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pie, using the estimated redshifts e.g., radial velocities v ra d, 
proper distances D, radii r in physical units (proper length), 
scale-length h in physical units (proper length), absolute B- 
band magnitudes Mb and luminosities L#. Eqn. [2] and [4] were 
used for galaxies having distances z > 0. 1 : 



Vradfe < 0.1] = c-z 



VradU>0.1] = C 



(1 + z) 2 - 1 

(1 +Z) 2 + 1 



D[z< 0.1] = ^ 

no 



D[z> 0.1] 



H a 1 + z 1 



+ z) - (1 + z) 1/2 ] 



For the calcula tions we assumed a Hubble constant Hq 
kms 'Mpc 3 (Sper gel et alj|2003l) : 



r[z<0.1] = 2 D tan 

h[z< 0.1] = 2-D-tan 

r[z>0.1] = d = 

h[z> 0.1] = d = 



2 

r[rad] • D 

1 +z 
a B Jiad] D 



1 +z 



(1) 

(2) 

(3) 

(4) 
71 

(5) 
(6) 
(7) 
(8) 



The radius r (proper length d) in physical units as well as the 
scale-length h (proper length) in physical units of galaxies with 
redshifts above z > 0.1 were calculated using Eqns. [7]&[8] 
(lLongairlll998l) . The absolut e magnitudes r esult from the dis- 
tance modulus (see Eqn.|9j Drive r et alJI 1994 ) using the proper 
distance D (see Eqn.[3]&[4]). We used the absolute magnitudes 
to estimate the B-band luminosities Lg in units of solar lumi- 
nosities (see Eqns.fTUb: 



M v = m v - 5 • log 



^.((l + z)-(l + z)>/ 2 ) 



-25-2.5-z 



M B = 4.87 



2.5 1og| — 



(9) 



(10) 



We derived the physical parameters for the whole HDF-S 
galaxy sample, including LSB J22324-60520 for which we de- 
tected no emission lines. This galaxy shows a spectrum of an 
elliptical galaxy with no ongoing star formation. Therefore, we 
estimated the redshift by measuring the wavelength of the Call- 
K absorption line and comparing this value to the rest frame 
wavelength (Aq = 3933 A). In the next sections we will discus 
the properties of the spectroscopically verified LSB galaxies 
found in the HDF-S. 

3.2. The HDF-S LSB Galaxies in the Color-Color 
Space 

In order to preselect LSB galaxies for spectroscopic follow-up 
observations efficient methods are required to distinguish can- 
didates from, e.g., objects with low surface brightness caused 
by cosmological dimming. In a previous paper we have de- 
scribed such a method using a color-color selection criterion 
(Hab erzettl et al ■1l2007l) . This selection criterion is based on the 



different location of the LSB candidates in comparison to the 
HSB redshift tracks in the color-color space (see also Fig. 
With the spectroscopic distance information we have now at 
hand for our LSB candidate sample we will discuss the effi- 
ciency of this method. 

Using this color-color selection we were able to clean 
our final sample from higher redshifted background sources 
(red squares in Fig. [21) which mimic LSB galaxies due to cos- 
mological dimming effec ts, the so called "Tolman-Dimming" 
(|Hubble & Tolmanlll935l) : 



(11) 



2.5log(l +z) 4 



For the selection process we used two different color-color dia- 
grams (B - V vs. U - B and U - B vs. B - R) in combination with 
redshift tracks adopted from a work of lLiu & Greed (11998). 

After removing the higher redshifted background HSB 
galaxies from the candidate sample we were able to show, 
that most of the selected LSB galaxy candidates (7 galaxies, 
blue and green squares) have a distinct different location in the 
color-color diagrams compared to the redshift tracks of the five 
standard Hubble types (see Fig. |2j. 

The LSB candidates have a redder U - B color (U - B > - 
0.05 mag), whereas the B - R and B - V colors are shifted into 
the blue color range (B - R< 1.08 mag, B - V < 0.71 mag). 

Using the spectroscopically obtained distances we are 
now able to finally select the real LSB galaxies from our 
HDF-S LSB candidate sample (see Table 0}. It turned out 
that -45% of the preselected LSB candidates (4 out of 9) 
have redshifts z<0.1 (blue squares in Fig. [2j. These galax- 
ies are local galaxies. No surface brightness correction against 
cosmological dimming has to be applied and, therefore, they 
are real LSB galaxies. One of the candidates (LSB J22352- 
60420) has a slightly larger redshift of z = 0.12. However, af- 
ter correcting the central surface brightness against "Tolman- 
Dimming", this galaxy still remains as a LSB galaxy, show- 
ing a central surface brightness below fio > 22.5 B mag arcsec" 2 
(see Table 0). Finally the majority (5 out of 9) of the prese- 
lected LSB candidates turned out to be genuine LSB galax- 
ies. For our final LSB galaxy sample we include all galaxies 
having central surface brightnesses /io > 22.2 mag arcsec -2 , 
which is more than 2<x below the Free man value of /io = 
21.65 + 0.3 mag arcsec~ 2 ( Freeman 1970h . The other four se- 
lected candidates (green squares) show redshifts z > 0. 1 . After 
correcting against the "Tolman-Dimming" effect, the central 
surface brightnesses of these candidates came out to have val- 
ues fio <22.2 mag arcsec -2 . Therefore, these galaxies have to 
be considered as higher redshifted "normal" HSB galaxies. 

After a first inspection, it turned out that by using the 
color-color selection criterion, only 56 % of the selected galax- 
ies are genuine LSB galaxies. However, this selection crite- 
rion also resulted in nearly the same amount (44 %) of higher 
redshifted "normal" HSB background galaxies. Therefore, this 
would not be a very reliable method in order to preselect 
a LSB subsample from a large sample of galaxies. A more 
carefully analysis of the selection in Fig. |2] shows that two 
of the higher redshifted HSB galaxies (LSB J2231 1-60503, 
LSB J22324-60520, green squares) which were also selected 
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NAME 


RA 


DEC 




d 


r„, 


r 


h 


M B 




L B 




[hh:mm:ss.s] 


[dd:mm:ss] 


[km s- 1 ] 


[Mpc] 


[arcsec] 


[kpc] 


[kpc] 


[mag] 




[10" -L G ] 


LSB J2231 1-60503 


22:31:13.0 


-60:50:34 


33854±78 


503.7±25.1 


12.9 


31.5±1.6 


6.2±0.3 


-20.36= 


h0.07 


12.36 


LSB J22324-60520 


22:32:41.8 


-60:52:07 


46717 


638.0 


8.5 


7.15 


1.25 


-20.17 




10.38 


LSB J22325-60155 


22:32:52.2 


-60:15:58 


15780±69 


221.2±11.0 


17.2 


18.4±0.9 


4.6+0.2 


-16.90= 


t0.09 


0.51 


LSB J22330-60543 


22:33:03.2 


-60:54:38 


16770±33 


235.0±11.7 


15.1 


17.1+0.9 


2.5+0.1 


-18.31= 


t0.08 


1.87 


LSB J22343-60222 


22:34:32.3 


-60:22:21 


14010±159 


196.4±10.0 


13.8 


13.1+0.7 


4.3+0.1 


-17.43= 


t0.09 


0.83 


LSB J22352-60420 


22:35:22.5 


-60:42:09 


33615±62 


500.8±24.9 


10.8 


23.4+1.2 


6.6±0.3 


-18.67= 


t0.15 


2.61 


LSB J22353-60311 


22:35:34.4 


-60:31:12 


17520±120 


245.6±12.3 


10.8 


12.9+0.6 


7.3+0.4 


-17.77+0.11 


1.14 


LSB J22354-60122 


22:35:46.1 


-60:12:20 


44581+44 


679.0±33.8 


7.6 


21.5+1.1 


6.2+0.3 


-19.82= 


t0.13 


7.52 


LSB J22355-60183 


22:35:58.3 


-60:18:40 


35149+57 


525.2±26.1 


7.8 


17.7±0.9 


5.3±0.3 


-19.15= 


t0.13 


4.06 



Table 3. Measured (e.g., r m measured radii) and calculated parameters of the observed HDF-S galaxy sample. The parameters in 
columns 4, 5, 7, 8, 9 and 10 are calculated using Eqns.[TJto[T0](see also description in Section [3~Tl ). 



3 - 



LSB J22331 -60340 
Sbc zsi 




■ HDF-S galaxies 
* deBloketal. 1997 

■ HDF-S real LSB's 
HDF-S higher redshifted 
HSB's 



CD 

5 




5 Sab 

LfiB J22331 -60340 (z=0.54) 



■ HDF-S galaxies 
* de Bloketal. 1997 
A O'Neiletal. 1997 

■ HDF-S real LSB's 
HDF-S higher redshifted 
HSBs 



U-B 



B-V 



Fig. 2. Color-color diagrams U - B vs. B - R and B — V vs. U — B accounting for the spectroscopically derived distance 
information. From the selected LSB candidates (blue + green squares), 56 % of the galaxies are found to be true LSBs (blue 
squares) and 44 % are higher redshifted HSB galaxies (green squares). Two of the higher redshifted HSBs are located at z ~ 0.1. 
They follow the redshift tracks of the "normal" HSB galaxies and therefore should not be selected as LSB candidates. 



as LSB candidates do follow the redshift tracks. After cor- 
recting the surface brightnesses against "Tolman-Dimming", 
these galaxies appear to be higher redshifted "normal" HSB 
galaxies. Their classification as LSB candidates was too opti- 
mistic, due to the relatively large uncertainties in the photo- 
metric redshift determination. Two additional galaxies (LSB 
J22354-60122,LSB J22355-60183, green squares) which are 
clearly separated from the redshift tracks also turned out to be 
located at redshifts z > 0. 1 . After correcting their central sur- 
face brightnesses against "Tolman-Dimming", these galaxies 
also came out to be HSB galaxies. However, these two galaxies 
do not behave like "normal" HSBs. They must have extreme 
colors in order to be moved to this location in the color-color 
space. 

Excluding now the two higher redshifted galaxies, lo- 
cated along the redshift tracks, the method yields 5 LSB galax- 
ies (71 %) out of a sample of 7 selected galaxies. Only 2 out of 



7 galaxies (29 %) are higher redshifted HSB galaxies. This rel- 
atively high success rate makes the described method a reason- 
able tool to select LSB galaxies from larger samples of galax- 
ies. 



3.3. Volume densities of the HDF-S LSB galaxies 

One result of the search for LSB galaxies in the HDF-S is 
a number surface density of 8.5 LSB galaxies per deg 2 . This 
is m ore than two times higher than found in pre vious surveys 



is more man two times nigner man round in previous surveys 
(e.g. JO'Neil et al.lll997albtlDalcanton et al.ll 19971 which give 4 
LSB galaxies deg -2 ). This number density is not very meaning- 
ful, since due to the use of much more sensitive data (jj.u m ~ 29 
mag arcsec -2 ), a much larger search volume was covered. 

In order to also include the covered volume V, it is more 
convenient to calculate the volume density n for t he derived 
sample. This we have done following a method from lMcG augh 



6 



L. Haberzettl et al.: Low Surface Brightness Galaxies around the HDF-S 



Name 


U-B 


B-V 


B-R 


Mo 


yuo(corr) 


LSB galaxy 




[mag] 


[mag] 


[mag] 


S w mag arcsec -2 


S w mag arcsecr 2 




LSB J 2231 1-60503 


-0.05 


0.75 


1.21 


22.4 


21.9 


no 


LSB J22324-60520 


0.46 


1.28 


1.99 


22.3 


21.6 


no 


LSB J22325-60155 


0.02 


0.44 


0.66 


23.3 


23.3 


yes 


LSB J22330-60543 


0.24 


0.36 


0.55 


22.2 


22.2 


yes 


LSB J22343-60222 


0.24 


0.42 


0.64 


23.3 


23.3 


yes 


LSB J22352-60420 


0.10 


0.71 


1.08 


23.2 


22.7 


yes 


LSB J22353-60311 


0.69 


0.35 


0.77 


23.4 


23.4 


yes 


LSB J22354-60122 


-0.02 


0.51 


0.78 


22.5 


21.8 


no 


LSB J22355-60183 


0.23 


0.51 


0.79 


22.5 


22.0 


no 



Table 4. List of the galaxies which were selected as LSB candidates using color-color diagrams. The last column marks whether 
the candidate, after analyzing the spectroscopic information, is a true LSB galaxy or not. The central surface brightness in column 
6 is corrected against fading due to "Tolman-Dimming". 



(1996) . With this method, surface brightness corrected and nor- 
malized volume densities O could be estimated. At this point 
we like to mention that we are aware that the method described 
in the following is a statistical method to compare the surface 
brightness distribution of different galaxy samples. Our sam- 
ple of five LSB galaxies plus three extreme LSB candidates 
(description see below) is not a statistically significant galaxy 
sample. Thus, any interpretations drawn from this analysis have 
to be discussed very carefully. However, using this kind of anal- 
ysis give hints about how our results fit into the existing overall 
picture of LSB galaxies. 

The relative volume density of LSB galaxies ni$ b in re- 
lation to the volume density of a well known sample of HSB 
galaxies hhsb is described as: 



"LSB 
«HSB 

^nnrm 



AisB / (TOhsb 

A^HSB \(V/n)LSB 



k 0l > 



»LSB 
«HSB 



Nl 



h H \ 3 (p?-Vo) 3 
hj 



(12) 
(13) 



Most of the parameters in Eqn. [T3]can be derived without hav- 
ing distance information for the sample galaxies. The only ex- 
ception is the scale-length h in physical units. For the calcu- 
lation of the volume density, the assumption is made that the 
scale-length hi of the derived LSB galaxy sample is compa- 
rable to the scale-length hn of the sample of HSB galaxies 
to which the sample will be normalized (/ih//zl - 1). If, on 
average, HSB galaxies had a larger scale-length, the value of 
riLSB/riHSB would increase. Using this assumption, we were 
able to calculate lower limits for the normalized volume densi- 
ties of our LSB galaxy sample. 

For our HDF-S LSB sample, we determined a number 
surface density of Nl = 8.5 deg -2 as well as a surface brightness 
limit of in- 29.0 mag arcsec -2 . We chose a diameter limit of 
0i > 10.8 arcsec. Due to the small number of objects, we used a 
central surface brightness bin size of 1 mag arcsec -2 in order to 
estimate normalized volume densities. For the first two surface 
brightness bins (22.5 mag arcsec" 2 and 23.5 mag arcsec -2 ) we 
calculated the volume densities using a field size of 0.59 deg 2 . 
Therefore, we accounted for the fact that all of these galaxies 
wer e found in the smaller field covered by the Goddard data 
(see Haberzettl et al.ll2007l for more details). For the extreme 



LSB candidates (last two surface brightness bins) we had to 
choose the larger NO AO field of 0.76 deg 2 . Finally we normal- 
iz ed the sample w ith respect to the well studied galaxy sample 
of de Jond ll996). This is a statistically complete sample of 86 
disk galaxies. The sample was selected from the UGC catalog 
including galaxies with diameters 9 larger than 2 arcmin and 
a minor to major axis ratio larger than 0.625. The survey cov- 
ered an area of 1 .57 srad = 5 154.3 deg -2 . The surface brightness 
limit of the catalog is about fi/ = 26.5 B mag arcsec -2 . We cal- 
culated the errors for the surface brightness corrected volume 
densities using Poisson statistics and Gaussian errors perturba- 
tion: 



0"L 




A<D n 



dN L 



■ 0" L 



( d& „ 



(14) 



(15) 



For comparison we also plotted the surface brightness cor- 
rected volume densities (estimated following the s ame method) 



for two additional, well k nown LSB samples of lO'Neil et al 



dl997al) (Texas Survey) and llmpev et al. ( 1996). The Texas sur- 
vey covered an area of 27 deg 2 on the sky. In this area, a sam- 
ple of 127 LSB galaxies with diameters larger than 13.5 arcsec 
was derived. The survey reached a surface brightness limit 
of ni-27B mag ar csec -2 . The search area of the survey of 
Impev et al. ( 19961) covers about 768 deg 2 of the sky. The 
field is located around the equatorial strip over a declination 
range of +2°. The survey reached a surface brightness limit 
of fi/ — 26 B mag arcsec -2 . The derived sample consists of 693 
galaxies larger than 30 arcsec. For both surveys we used a sur- 
face brightness bin size of 0.5 mag arcsec -2 . 

The results of the discussed estimations of the normal- 
ized, surface brightness corrected volume densities is plot- 
ted in Fig. [3] In this diagram, we were able to show that 
the central surface brightness distribution for our HDF-S 
LSB galaxy sample (LSB J's, blue triangles) follows the 
flat distribution of the other LSB surveys. At lower cen- 
tral surface brightnesses (more than 3 cr below the Freeman 
value of jUo = 21.65 +0.35 mag arcsec -2 ), the number of LSB 
galaxies is much higher than expected from the Freeman 
Law (purple line). The volume density of the HDF-S LSB 
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Fig. 3. Surface brightness corrected volume densities for sev- 
eral samples o f LSB galaxies and the HSB galaxy sample of 
de Jong (1996, green triangle). The LSB galaxy sample derived 
in the HDF-S is represented by the blue triangles. For a compar- 
ison, the distribution of the galaxies expected from the Freeman 
Law ( Freemanl 1 970l purple line) is plotted. The diagram shows 
that in contrast to the expected distribution of the Freeman Law, 
the distribution for the LSB galaxies stays flat down to very low 
central surface brightnesses. 



galaxy sample derived for the surface brightness bin yu =22.5 
mag arcsec" 2 is slightly lower compar ed t o the va l ues o f 
O'Neil et all dl997ah : llmpey et all (fl9%h and lde Jon gl dl996l) . 
This is maybe the result of incompleteness at the upper sur- 
face brightness limit of the HDF-S galaxy sample (upper se- 
lection limit /i(0) = 22.0mag arcsec" 2 ) and/or due to very low 
number statistics for the HDF-S LSB sample. The Texas sur- 
vey also shows an incompleteness around the Freeman value 
(// = 21.5 mag arcsec" 2 ). The large error bar of our survey at 
fi- 25.5 mag arcsec" 2 resulted from low number statistic for 
this bin (1 LSB galaxy). However, the one object at this value 
and the two objects at the next bin (ju = 26.5 mag arcsec -2 ) 
still have a big implication for the volume density, due to the 
low volume over which such extreme Low Surface Brightness 
galaxies could be detected. To find one of these extreme 
LSB galaxies in a small field, as covered by the NOAO data 
(~ 0.76 deg 2 ), has a very low probability. The detection of these 
objects indicate that the formation of such extreme LSB galax- 
ies is as common in the Universe as the formation of the higher 
surface brightness objects found in the surveys. 



Fig. 4. Metallicities for the five LSB galaxies in the HDF-S, de- 
rived using the strong-li ne method based o n the semi-empirical 



3.4. Metallicities 

Since we were not able to detect emission lines sensitive for 
direct abundance measures (e.g 0[iii]/14363), we have to use a 
different approach to get information about the metallicities in 
our LSB galaxy sample. One commonly used method to derive 



calibra tion described in iMcGaughl d 19941) and Ide Narav et al 
d2004 . 



abundance information is the strong-line method of lPagel et alJ 
dl979h . We used this so called R23- method in comb i nation 
with the semi-empirical calibration of McGaugh dl99llll994 
to get an estimation of the oxygen abundances in the derived 
HDF-S LSB galaxies. With the R23-method we were able 
to estimate metallicities just using measurements of the most 
prominent emission lines H/?, [On], and the [Om] -doublet (see 
Table©. 



^23 - 
O i2 = 



[OII]A3727 + [OIII]AA4959, 5007 

w 

[OIII]AA4959,5007 
[OII]A3727 



(16) 
(17) 



The semi-empirical calibration which we used for this abun- 
da nce estimation i s des cribed in more detail in Appendix A 
of de Narav et alJ ( 2004 ). To discriminate between the upper 
and lower branch of this solution (see Fig [4]i we used the [Nn] 
over [On] relation as described in IMcGaughl (1994). Objects 
with log([NII]/[OII]) > -1 had abundances derived from the 
upper brunch, while for log([NII]/[OII]) < -1 we used the 
solution from the lower branch. 

Despite of the large uncertainties for the derived emis- 
sion line intensities we derived subsolar oxygen abundances 
for all LSB galaxies in our sample (see Table 0. The oxygen 
abundance range between ~ 1/2 Z and ~ 1/1 0th Z . These 
low metallicities are typical for LSB gala xies and in good 
agreement with other measurements (e.g . McGaugh 1 994 ; 
de Blok & van der Hulstll 1991 Ide Narav et al.ll2004 
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Name 


up 


[On] 


[Om]/l4959 


[Om]^5007 


[Nil] 


log(R23) 


log(032) 


log([Nn]/[On]) 


log(0/H) 


x-z 




[A] 


[A] 


[A] 


[A] 


[A] 












LSB J22325-60155 


4.42±1.00 


11.50+1.50 


5.35+1.67 


12.9+1.60 


0.80 


0.83+0.71 


0.20+0.13 


-1.16 


-3.96+1.30 


0.13 


LSB J22330-60543 


0.96±0.13 


4.26±0.26 


1.35+0.19 


3.52+0.19 


0.25 


0.98+0.58 


0.06+0.04 


-1.23 


-3.63+1.15 


0.29 


LSB J22343-60222 


1.79 


3.95±0.67 


1.95+0.65 


4.33+0.63 


0.26 


0.76+0.27 


0.20+0.15 


-1.18 


-4.09+0.48 


0.10 


LSB J22352-60420 


0.67±0.14 


3.05+0.47 


0.63+0.39 


1.24+0.38 


1.11 


0.87+0.81 


-0.21+0.09 


-0.44 


-3.54+1.04 


0.37 


LSB J22353-60311 


1.70+0.49 


5.90+0.81 


1.01+0.32 


2.38+0.52 


0.91 


0.74+0.73 


-0.24+0.06 


-0.81 


-3.37+0.74 


0.54 



Table 5. Results of the strong-line method, derived using the semi-empirical calibration described in McGaugh (1994) and 



de Narav et alj d2004l) . Columns 2 to 6 show the measured equivalent width (including errors) for the LSB galaxy sample). 
Columns 7 to 9 gives the logarithm of the emission line relations as used in the R23 method, column 10 gives the oxygen abun- 
dances and the last column shows the oxygen abundance in terms of solar abundance. The values of log([Nn]/[On]) are derived 
using upper limits for the [Nn] measurements. The metallicities are derived from the lower branch values for log([Nn]/[On])<-l 
and from the upper branch for log([Nn]/[On])> -1. 



4. Conclusions and Summary 

We presented results of spectroscopic follow up observations, 
obtained using the ESO 3.6 m telescope, of a sample of 9 LSB 
galaxy candidates, derived in a 0.59 deg 2 field around the HDF- 

5. We used the measured emission lines to determine distances 
for the observed galaxies in the redshift range of z ~ 0.05 to 
z~0.16. The majority of the observed HDF-S sample galax- 
ies is located at redshifts below z < 0.1, which makes them real 
LSB galaxies. Using color-color diagrams (B - V vs. U — B 
and U - B vs. B - R), we could show that 71 % of the galaxies, 
having a significant different location compared to the location 
of the HSB galaxies, are genuine LSB galaxies. This indicates 
that the use of the location in the color-color diagrams is an 
efficient method in order to preselect the content of LSB can- 
didates against higher redshifted background galaxies. In the 
color-color diagrams, the LSB galaxies are shifted to the blue 
region for the B - R and B - V color and to the red region for 
the U-B color. This different location in the color-color space 
seems to be a hint for a different stellar population mix, and 
therefore, a different Star Formation History (SFH) of the se- 
lected LSB galaxies. The shifts could be caused by a stronger 
Balmer jump indicating younger stellar population. The shift 
into the red region of the U-B color could result from a low 
UV flux due to a recent low formation rate of O, B, and A stars. 
The shift to the blue of the B - R and B - V color also seems to 
indicate that there exists no strong underlying old stellar popu- 
lation which could cause the shift to the red in the U-B color. 
To produce this blue-ward shift, a steeper decline of the red 
part of the stellar continuum emission is needed. Therefore, the 
red U-B color could also not be the result of a higher metal- 
icity. In this case, the decline in the red part of the continuum 
emission must be shallower, caused by a stronger underlying 
old stellar population. The suppression of the U -flux due to a 
large amount of dust could also be excluded. Until now only a 
few detections of LSB galaxies in the FIR wavelength region 
at very low levels exist dHoeppe et al ] ll994l) . 

We were also able to estimate oxygen abundances of 
our five LSB galaxies in the HDF-S, using the strong-line 
method in com bination with the semi-empirical calibration of 
McGaughldl99lh . Despite the large uncertainties, we estimated 
relatively low oxygen abundances between 0.5 to 0. 1 of solar 
value. This indicates that the sample LSB galaxies are rela- 



tively young and unevolved and could explain their location 
in the color-color space. 

The derived LSB sample consists of galaxies with scale- 
length between 2.5-7.3 kpc and absolute B-band magnitudes 
between Mb = -16.90 mag and Mb = -18.67 mag (see Table[3]l. 
From the absolute magnitudes, luminosities were derived in the 
range of 0.51 - 2.61 • 1O 9 L . Therefore, the sample does not in- 
clude dwarf galaxies, which is often expected for LSB galaxy 
samples. All galaxies have distances larger than z = 0.05. No 
nearby LSB galaxy could be found, perhaps not surprising 
given our small survey volume at very low redshift. 

In recent ye ars, more sensi tive surveys have shown that 
the Freeman Law (IFreemanlll970l) was the result of selection 
effects (see Fig. [3). From these surveys, surface brightness 
distributions which stay flat down to central surface bright- 
nesses of about 25.5 mag arcsec~ 2 could be obtained. An esti- 
mation of the surface brightness dependent volume density for 
the HDF-S LSB sample indicate that the results of the HDF-S 
LSB survey are consisten t with results found for other survey s 
(e.g., lO'Neilet al.lll997albl: llmpev et aljfl996l Ide Jondll996l) . 
Additionally, the distribution could be expanded down to very 
low surface brightnesses of /j,q = 27magarcsec~ 2 . It could be 
shown that the distribution stays flat also for these very low 
central surface brightnesses. The results of the HDF-S LSB 
sample fit very well to the picture drawn by former surveys 
and lead to the assumption that the LSB galaxies re present 
a maj or contribution of the local galaxy population. O'Neill 
(2000) stated that if the distribution stays flat down to a cen- 
tral surface brightness around 30magarcsec~ 2 , up to 50% of 
the local galaxy p opulation could consist of LSB galaxies. 
iMinchin etall d2004 showed that 60 % of the population of 
gas rich disks is represented by the LSB galaxies. All together 
the LSB galaxies represent a non-neglectable part of the local 
galaxy population, and therefore, they play an important role 
for the understanding of the formation and evolution processes 
of galaxies in general. 
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Fig. 1 continued: From top to bottom: LSB J22330-60543, LSB J22343-60222, LSB J22352-60420 
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Fig. 1 continued: Form top to bottom: LSB J22353-60311, LSB J22354-60122, LSB J22355-60183 



